In the USA during 2015 over 1,718,500 clinical PET scans were performed in 2380 centers. Patients undergoing these studies will alarm homeland security monitors at borders, ports, and some airports for up to 2 days due to the positronannihilation photons (0.511 MeV) from the imaging isotope 18 F (110 min half-life). In some radiopharmaceuticals, longlived contaminants generated from the activation and spallation of elements in the HAVAR window of the cyclotron target may also be present in the patient dose. In this work, we have modeled a typical homeland security portal monitor in MCNP, and determined its sensitivity to each of the possible contaminating isotopes found in PET radiopharmaceuticals when distributed in patient phantoms. These data were combined with the time-dependent uptake/retention functions for the contaminating isotopes, to identify the isotopes that can cause alarms for substantial periods of time after the short-lived imaging agent has decayed away.
Introduction
Homeland security detectors are used to track the illicit movement of radioactive materials that may be used for dirty weapons. The detectors are found at border crossings, some airports, and other locations determined to be important by security officials. The detectors come in many varieties and shapes, but commonly utilize large area scintillators capable of detecting small variations in background radiation. The detector systems are extraordinarily sensitive, but have essentially no specificity. Alarm points are generally set at some multiple of background radiation, depending on the location and application. The isotopes used in diagnostic nuclear medicine will alarm these detectors for the short period of time that they are present in the body. After the imaging isotope decays away, any long-lived contaminants present may also alarm the detectors. For cyclotron-produced radiopharmaceuticals, the list of possible contaminating isotopes includes 55 Co,  56 Co,  57 Co,  58 Co,  51 Cr,  52 Mn,  54 Mn,  57 Ni,  183 Re,  95 Tc,  95m Tc, & 96 Tc [5] [6] [7] . All are produced by the activation and spallation of the metallic components in the window of the cyclotron target.
A patient, having alarmed one of these detectors, is normally surveyed by a simple isotope identifier which has limited capabilities. Most of them will correctly identify the standard isotopes used for diagnostic imaging and report to the operator that they are of medical origin. The contaminants found in cyclotron produced radiopharmaceuticals are complex, and the simple spectrometers cannot normally accurately analyze for the activation products found. They report the isotopes as industrial or unknown, potentially producing trouble for the patient that has alarmed the system. 
Human model
An analytic MIRD adult male phantom was used for the human model [2] . The specific organs included are the skeleton, lungs, liver, and kidneys. Other organs are treated as undifferentiated tissue. A Monte Carlo calculation was used to find the volume (and mass) of each component.
Detectors
The detector model is based on the Ludlum model 52-1 personnel portal monitor [3] . The active detector elements are four Eljen Technology model EJ-200 plastic scintillators. Each scintillator measures 3.81 cm (1.5 00 ) 9 10.16 cm (4 00 ) 9 71.12 cm (28 00 ). Their positions were determined by the dimensions of the 52-1 portal monitor. Other portal elements, such as the steel frame and electronics, were not included in the model. The scintillator material consists of 52% H and 48% C by number at a density of 1.023 g cm -3 . Except for the detectors, the volume external to the human model is filled with air. Figure 1 shows the human model together with the detectors.
Source terms
Separate runs were made for each isotope. 0.037 Bq (1 pCi) of the isotope was distributed in the human model as specified in Table 1 , with all photon emissions greater than 10 keV included in the source term. The table lists the fractions by weight of the activity in the listed organs and the fraction uniformly distributed throughout the body. Figures 2 and 3 show a sampling of source points for a uniform distribution and for the liver and kidney concentrated Cd distribution, respectively.
Tallies
Each Monte Carlo run followed 10 8 source particles. A pulse height tally (MCNP F8 tally) was taken in the detectors. Contributions to the tally below 60 keV were subtracted from the total count to give the net count. This subtraction results in a low energy cutoff of 60 keV, which is typical for this type of detector. Table 2 gives the detector pulses for a total source strength of 0.037 Bq (1 pCi) for each radioisotope considered. The statistical uncertainties of the results are 0.05% or less.
The tally results are to be compared to a default alarm level of 37 kBq (1 lCi) of 137 Cs. For the alarm level, we modeled 137 Cs as both a point source and distributed uniformly throughout the human model. The detector response is 761 for the point source and 554 for the distributed source. It should be noted that the default alarm point for this detector system is set for the detection of gross contamination on a person after an incident. The alarm point for these systems is adjustable by the end user, and is normally set ten or more times lower than the default level when they are used for the detection of illicit movements of radioactive materials. The response functions in Table 2 were multiplied by the whole body uptake retention functions developed in other work [4] to produce the response over time from the day of imaging. These results are shown in Fig. 4 . Of the possible contaminating isotopes, only 51 Cr, 54 Mn, 56 Co, and 58 Co are avidly retained in the body and have photon emissions that are sufficiently energetic to alarm detectors for significant periods of time after the imaging agent has decayed away. The physical half-lives of these four contaminants at 27.7 d, 312 d, 77.2 d, and 70.9 d respectively, also ensures they will be present after the imaging isotope has decayed away. Given the contaminant load from any production run of radiopharmaceuticals, the tables may be used to estimate the likelihood that a patient will alarm the Homeland Security detectors after the imaging isotope has decayed away. The sensitivity of the large area plastic scintillators used in these detectors is such that contaminant loads that are a tiny fraction of the allowable USP limits (99.5% pure), can alarm the detectors if they contain one of the avidly retained isotopes described above. Table 3 below shows the results of analysis for two samples of Sodium Fluoride (NaF) used for PET bone scans. The table gives the total contaminant activity of each of the isotopes observed that would be found in a typical 370 MBq (10 mCi) patient dose. The total activity, shown at the bottom, is far below the allowable USP limit 1.85 MBq (50 lCi).
Example
The detector response to the contaminants can be found by multiplying the retained activity in the patient for each isotope, times the response function for that isotope from Table 2 . These responses may then be summed and compared to the alarm set point for the detector under consideration. For the portal detector modeled, the factory default alarm point is set at 37 kBq (1 lCi) 137 Cs as a point source. This point source, positioned in the center of the portal, was also modeled and gave a total detector response of 761. For the same activity uniformly distributed in the phantom (Fig. 2) , the response was 554. When used for Homeland Security purposes, the alarm point would be 1/10th of these values, or lower. Comparing these values to the total detector response over time shown in the bottom of the table shows that the contaminants in sample 214 produce a response that is below the alarm threshold for this detector in normal configurations. Patients that receive a dose from this lot of NaF will not alarm the portal at any point after the imaging isotope has decayed away. Sample 412, however, has a higher load of the four contaminant isotopes identified with long retention times and photon emissions that are easily stopped in the large plastic scintillators of the portal. Patients that have received a dose of this agent are still below the default alarm setpoint for contamination screening, but will alarm the portal for 2 weeks after the imaging isotope has decayed away for the more sensitive Homeland Security alarm settings. Note that the total contaminant load for this sample is less than 1/50th of the allowable USP limit. Since the total contaminant load is a tiny fraction of the USP limit, the radiation dose to the patient will be trivial [4] . The issue then, is the extraordinary sensitivity of the Homeland Security detectors and the inability of the gamma spectrometers used to follow up an alarm to identify the normal contaminating isotopes found in cyclotronproduced drugs, and recognize that they are of medical origin.
Conclusions
Cyclotron-produced radiopharmaceuticals that have contaminant loads that contain 51 
